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In plants, the shoot and root meristems produce auxin, a hormone that directs growth and cellular elongation in
response to light and gravity. The distribution of auxin in plants (and thus its availability to target tissues) is reg-
ulated by its directional transport within the plant. Recent findings highlight the importance of the PIN family of
proteins in regulating auxin transport.
Auxin, out and about
The growth hormone auxin is transported throughout the plant from its sources in the shoot and root meristems. This
transport is mediated by the polarized localization of auxin import and export proteins. Although the PIN family of
transmembrane proteins have long been viewed as facilitators of auxin efflux, their precise role in the process
has been uncertain. Work by Petra´sˇek et al. (2006) now shows that PIN proteins serve as the rate-limiting step in
directing auxin efflux in the flowering plant Arabidopsis thaliana. The authors validate the idea that PIN proteins
are in fact auxin transporters by demonstrating that overexpression of PIN2 or PIN7 in yeast or HeLa cells confers
the ability on these cells to export exogenously supplied auxin. This finding suggests that PIN proteins do not require
other plant-specific factors to carry out their function. This study also indicates that the activity of PIN proteins may
not require other efflux proteins such as the plant homologs of the human multidrug resistance proteins PGP1 and
PGP19. Even in mutants that lack the PGPs, overexpression of PIN1 alters auxin transport and renders roots unable
to grow downward in response to gravity. Future studies will reveal whether additional factors are required to en-
hance and optimize PIN function.
J. Petra´sˇek et al. (2006). Science. Published online April 6, 2006. 10.1126/science.1123542.
PIN Placement
Recent work by Wis´niewska et al. (2006) demonstrates that the localization of PIN pro-
teins is dictated by both cell type and protein-specific factors and is necessary to appro-
priately direct the flow of auxin. The authors describe the transgenic expression in Ara-
bidopsis of tagged PIN1 and PIN2 under the control of the pin2 promoter.
Haemagglutinin-tagged PIN2, like endogenous PIN2, becomes localized to the lower
side of cortex cells and the upper side of epidermal cells in the root. In contrast,
when PIN1—which is normally highly expressed in the shoot apex—is expressed in
the root under the pin2 promoter, it becomes localized to the lower side of both cortex
and epidermal cells. As a step toward defining the regions of PIN proteins that determine
their distinct subcellular localizations, the authors inserted a green fluorescent protein
(GFP) tag into different positions of the PIN1 coding sequence. Although most of these
constructs were unaffected by insertion of the GFP tag, one of these recombinant pro-
teins, called PIN1:GFP3, displays a reversal in its distribution in the epidermal cells, be-
coming preferentially localized to the upper side. Thus, the position of the insertion may
offer clues as to the sequence-specific factors that dictate PIN subcellular localization.
Moreover, PIN1:GFP3, like PIN2, is able to restore the upward movement of auxin in the root of pin2 mutants in re-
sponse to gravity. This result confirms that PIN potein polarity determines the direction of auxin flow.
It has been established that PIN polarity is a regulated event that can change in response to environmental cues.
One known regulator of PIN protein localization is the serine-threonine kinase PINOID (PID). Loss of PID leads to an
apical-to-basal shift in the subcellular localization of PIN1, whereas overexpression of PID shifts the distribution of
PIN proteins towards the apical plasma membrane. Thus, the regulation of PID activity could directly affect the dis-
tribution and availability of auxin. Zegzouti et al. (2006) now report that the protein kinase PDK1 phosphorylates and
activates PID. These findings suggest a model in which PDK1 is recruited to regions of the plasma membrane
enriched with phospholipids, such as phosphatidic acid or PIP2, through its lipid binding pleckstrin homology
(PH) domain. Active PDK1 then phosphorylates PID at Serine 290 within its activation loop. Future work may estab-
lish whether phospholipids regulate PIN localization via this mechanism to control auxin-dependent growth pro-
cesses in plants. Interestingly, plant PDK1, like its mammalian homolog, is likely to control many growth signaling
pathways including those that respond to nutritional status. Thus, the work by Zegzouti et al. reflects the larger
role that master regulators like PDK1 play in modulating and orchestrating plant growth in response to diverse
environmental and hormonal stimuli.
H. Zegzouti et al. (2006). Proc. Natl. Acad. Sci. USA. 103, 6404–6409.
J. Wis´niewska et al. (2006). Science. Published online April 6, 2006. 10.1126/science.1121356.
PIN1 (red) and PIN2 (green)
are located at opposite
ends of epidermal cells
but are found on the same
side of cortex cells. Image
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MAXing out Auxin Transport
PIN genes might also be the target of transcriptional regulation by an
unidentified hormone whose synthesis depends on the more axillary
branching (MAX) pathway, according to recent findings by Bennett
et al. (2006). From previous studies in Arabidopsis it is known that
the synthesis of this hormone requires at least three genes, MAX1,
MAX3, and MAX4. Loss of MAX proteins leads to an increase in the
branching of shoots similar to that seenwhen auxin signaling is disrup-
ted. Genetic and physiological evidence suggests that the MAX path-
way and auxin interact, although it has been unclear how. The work of
Bennett et al. now suggests that theMAX-derived hormonemay act by
decreasing the expression of specific PIN genes, thereby limiting the
transport of auxin out of the secondary buds to suppress their growth.
The authors show that MAX mutants have an increased capacity to
transport auxin, and that treating MAX mutants with an inhibitor of
auxin transport reduces branching to close to wild-type levels. MAX
mutants also display elevated levels of PIN1 and PIN3. However,
intriguingly, loss of MAX does not have the same effect on all PIN
genes—for example, PIN7 shows decreased expression in max
mutants. Future studies may determine why the MAX-dependent
hormone has different effects on different PIN proteins and whether
the potential upregulation of PIN7 in wild-type plants in response to
the MAX-dependent hormone is functionally important.
Although both auxin and the MAX-dependent hormone block
branch formation, they provide an interesting contrast. Grafting
experiments have shown that the MAX-dependent hormone moves
up the plant to suppress the growth of secondary buds, whereas auxin
is generated by the primary shoot apex and is transported down the plant. Once this key hormone is identified, it will
be possible to study its regulation, transport, and mechanism of action in detail and to further understand its role in
shaping plant development.
T. Bennett et al. (2006). Current Biology 16, 553–563.
Building the Leaf Vasculature
PIN1 proteins may also dictate vein patterning in Arabidopsis leaves according to new
work by Scarpella et al. (2006). The authors show that in developing leaves, PIN1
becomes localized to regions that ultimately give rise to veins. The characteristic distri-
bution of the PIN1 protein occurs before the presence of other known markers of vein
precursor cells. At early stages, PIN1 is expressed in broad regions that over time
become narrowed to the specific sites that give rise to veins. This narrowing is delayed
if leaves are exposed to auxin efflux inhibitors, suggesting that there is a positive feed-
back loop between auxin efflux and the narrowing of PIN1 expression. This is consistent
with earlier studies indicating that PIN1 expression is driven in part by auxin availability.
Ultimately, it is likely that the distribution of auxin determines vein positioning. In fact,
the authors show that if auxin is topically applied to a leaf, it stimulates PIN1 expression
in the exposed region and leads to enhanced local vascularization.
E. Scarpella et al. (2006). Genes Dev. 20, 1015–1027.
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A colorized image shows
the vein pattern in a mature
Arabidopsis leaf. Image
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Increased branching relative to wild-type (left)
is seen in mutants in the MAX pathway
(max1-1, center) and in mutants in the auxin
signaling pathway (axr1-12, right). Image cour-
tesy of T. Bennett.Cell 125, May 5, 2006 ª2006 Elsevier Inc. 405
